The expression of epidermal growth factor receptor (EGF-R) was examined in canine lung tumors and in proliferative epithelial foci induced by plutonium-239 to determine ifEGF-R was associated with specific neoplastic phenotypes or putative preneoplastic lesions. Seventeen (47%) of 36 canine lung tumors expressed EGF-R. Of these 17 tumors, three tumors hybridized with an erb-B RNA probe, which identified activated cell oncogenes. The expression ofEGF-R was not correlated with tumor etiology, e.g., spontaneous versus radiation induced, but did correlate with specific histologic phenotypes. Nineteen (15%) of 127 proliferative epithelial foci in the canine lungs also expressed EGF-R. The phenotypic specificity demonstrated for EGF-R in canine lung tumors parallels that previously shown in human lung tumors. This finding, in addition to the identification of EGF-R in nonneoplastic proliferative lung lesions, indicates that radiation-induced lung tumors in the dog may be a useful animal model to investigate the role of EGF-R in lung carcinogenesis.
Lung cancer is the leading cause of cancer death among human males in the United States and has recently surpassed the incidence ofbreast cancer in women.' Although cigarette smoking is the predominant risk factor identified in the genesis of lung cancer, recent findings suggest that exposure to radon progeny in the home and workplace may account for up to 20,000 cases oflung cancer each year." Thus, environmental alpha irradiation of the lung is becoming a concern as a significant human health problem.
Studies by a number of investigators have shown that the expression of oncogenes and their products is associated with a wide variety of human lung tumors and, in some cases, is phenotypically specif-iC. 4,8.11.17.21,23,28 It is not known if oncogene expression in lung tumors has a mechanistic role in the carcinogenic process; is associated with specific carcinogens, thereby providing a clue to the etiology of individual tumors; or merely serves as a tumor marker. The association of the expression or activation of specific oncogenes with specific phenotypic classifications of lung tumors has been consistently observed. Overexpression or amplification of myc oncogenes is consistently identified in small cell lung cancer, and these alterations confer some prognostic significance.P-" Many investigators have shown that epidermal growth factor receptor is typically overexpressed in non-smallcell lung carcinomas, a broad classification that includes the histologic phenotypes of epidermoid carcinomas, adenocarcinomas, and large-cell carcino-mas.2.3.6.8.11.l2. 14.15.25.27 Overexpression of the epidermal growth factor receptor protein may confer a proliferative advantage on neoplastic cells similar to that conferred on cells carrying an activated erb-B oncogene, a gene with homology to the cytoplasmic and transmembrane domains of the epidermal growth factor receptor gene.!""
Because the initiating carcinogen of human lung tumors is usually not known, and early preneoplastic lesions are usually not available for analysis, material from animal models can be used to address some questions about the role of oncogenes in the carcinogenic process. The purpose of this investigation was to characterize epidermal growth factor receptor expression in plutonium-239-induced lung tumors and proliferative epithelial foci (putative preneoplastic lesions) in the dog. The overall goals of these studies are to identify common patterns of proto-oncogene expression in alpha-radiation-induced lung carcinomas, to determine if these patterns are phenotype or etiology specific, and to determine if putative preneoplastic lesions in the lung can be linked to lung cancer by common expression of proto-oncogenes.
Materials and Methods
Tissues from Beagle dogs Several life-span studies are being conducted on Beagle dogs at the Inhalation Toxicology Research Institute (ITRI) to investigate the dose-response relationships, as influenced 47 by various aerosols and host factors, following inhalation exposure to plutonium-239. The experimental design and methods of these studies have been previously described in detail." Purebred Beagle dogs were exposed to monodisperse aerosols of 239PUO, particles or the aerosol dilutant by brief single nose-only exposures. The aerosol concentration and duration ofexposure were adjusted for each animal to achieve one of several projected initial lung burdens. After exposure, dogs were observed daily, and complete physical examinations, hematologic studies, clinical chemistry, and radiographic surveys were performed annually. A detailed postmortem examination was performed at the time of death or when euthanasia was performed for humane reasons. Tissue sections from all organ systems and all lesions were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 5 tLm, and stained with hematoxylin and eosin for light microscopic evaluation. Portions of any suspected lung tumor and adjacent normal lung were frozen in liquid nitrogen and stored at -80 C.
The predominant end point in these studies has been the appearance of primary lung carcinomas. These lung neoplasms are typically located in the peripheral lung and primarily diagnosed as papillary adenocarcinomas, bronchioloalveolar carcinomas, epidermoid carcinomas, or adenosquamous carcinomas. For the purpose of this investigation, selected lung carcinomas represented a range of histologic classifications. Animals with spontaneous lung neoplasms were also included. These tumors were selected from control animals in a number of life-span studies to increase the number of spontaneous lung tumors available for study.
Standard histologic sections from all selected lung tumors were reviewed by a pathologist (P. J. Haley) to ensure consistency in the histologic classification. The classification and nomenclature described by the World Health Organization was used. The serial sections were then evaluated for expression of epidermal growth factor receptor (EGF-R) by immunohistochemical examination. Sections from additionallung lobes that contained proliferative epithelial foci were also evaluated for EGF-R expression. In addition, in situ hybridization for the erb-B oncogene was performed on frozen sections of ten tumors; these sections were taken from the same gross tumor mass as those analyzed by immunohistochemical examination but were not serial sections.
Immunohistochemistry EGF-R expression was detected by immunohistochemical examination using a commercially obtained monoclonal mouse immunoglobulin G I (29.1 hybridoma; ICN; Serotec). This monoclonal antibody binds to an antigenic determinant on the external domain of the receptor molecule." Paraffinembedded 5-tLm sections were deparaffinized by heating them in a 60 C oven for I hour followed by two xylene washes for 5 minutes each and subsequently rehydrated through decreasing alcohol concentrations (100%,95%, and 50%, 5 minutes each). Endogenous peroxidase activity was blocked by incubating the sections for 1 hour in 0.5% hydrogen peroxide in methanol at room temperature. Sections were subsequently washed in distilled water and then in Tris-buffered saline (pH 7.6). The sections were then preincubated for 20 minutes at room temperature with normal horse serum diluted I: 100 in 0.3% bovine serum albumin made in Tris buffer. The sections were blotted, and the primary antibody was added at a dilution of 1 : 1,000 and incubated for 18 hours at 4 C. Bound primary antibody was detected by the avidin biotin complex method (Vector). Formalin-fixed paraffinembedded A431 cells were processed as the positive control. For a negative control, an irrelevant murine immunoglobulin G polyclonal antibody was identically processed on both the A431 cells and tissue sections.
Slides were read by two pathologists in a blind random fashion and were graded according to distribution and intensity of staining pattern. Signal intensity was graded from I (minimal) to 4 (marked) in positive-staining lung tumors or proliferative epithelial foci, based on the degree of increased staining over background. Signal distribution was graded as I (25%),2 (26-50%), 3 (51-75%), or 4 (76-100%), based on the percentage of epithelium of the lung tumor or proliferative foci demonstrating immunoreactivity.
In situ hybridization
Sense and anti-sense RNA probes were manufactured by in vitro transcription of a viral erb-B clone (American Type Culture Collection), which was ligated into a Bluescript plasmid (Stratagene).' 35S-labeledRNA transcripts were prepared using an SP6/T7 transcription kit (Boehringer Mannheim) according to the manufacturer's instructions.
In situ hybridization was performed on frozen or paraformaldehyde-fixed paraffin-embedded tissues using a modification of techniques previously described.u-? The sections were deparaffinized by heating to 50 C for 20 minutes followed by incubations in xylene and were then rehydrated in decreasing concentrations of ethanol. The sections were pretreated by washing in phosphate-buffered saline (pH 7.2), incubated in 0.1 M glycine in phosphate-buffered saline, followed again by a wash step in phosphate-buffered saline. The sections were predigested for 5 to 30 minutes in proteinase K (Sigma) diluted in 0.1 M Tris and 50 mM ethylenediaminetetraacetic acid (pH 8.0). The tissues were then post-fixed for 5 minutes in 4% paraformaldehyde/phosphate-buffered saline, washed twice in phosphate-buffered saline, and then incubated with acetic anhydride for 10 minutes to block reactive tissue carbonyl groups. The sections were then incubated with 50% deionized formamide!2 x standard saline citrate (SSe) (I x SSC is 0.15 M NaCl, 0.015 M sodium citrate) at 37 C for 10 minutes. Ten to 15 III of hybridization mixture, consisting of the RNA probe, 50% deionized formamide, 50% dextran sulfate, 1 M dithiothreitol and diethylprocarbonate-treated water, was then added to each section. The hybridization mixture was covered with a coverslip, and the sections were incubated for 12 to 16 hours at 45 C. Following incubation, the sections were washed for 1 hour in 4x SSC at 37 C and then incubated in RNAse A (Boehringer Mannheim) in 0.5 M NaCI, 10 mM Tris, and 1 mM ethylenediaminetetraacetic acid for 30 minutes at 37 C. The sections were then washed sequentially in 2 x SSC at 37 C, followed by a stringent wash in 0.1 x SSC at 37 C. The sections were then dehydrated in increasing concentrations of ethanol/0.3 M ammonium acetate, followed by air drying. For autoradiography, the slides were dipped in emulsion (Kodak NTB-2) and exposed for 48 to 72 hours at 4 C. After the slides were developed, they were counterstained with hematoxylin. Erb-B expression was evaluated by the signal within the neoplastic tissue hybridized with anti-sense probes as compared with background and with the lack of signal on tissues hybridized with the sense strand.
Western blot analysis
Membrane proteins were extracted from frozen neoplastic tissue, electrophoresed through a 7.5% sodium dodecyl sulfate/polyacrylamide gel, transferred to a nitrocellulose filter, and incubated with anti-epidermal growth factor receptor monoclonal antibody (l: 1,000; ICN).9 Antibody/protein complexes were detected with a peroxidase-labeled antimouse immunoglobulin G antibody (NEN, I: 500). Protein immunoreactivity and molecular weight were compared with protein extracted from human A431 carcinoma cells, which express high levels of the epidermal growth factor receptor protein. 10 
Results
A summary of the canine lung cancers exhibiting epidermal growth factor receptor (EGF-R) expression, as determined by immunohistochemical findings, is shown in Table 1 . Forty-seven percent of the canine lung tumors showed moderate to intense immunoreactivity for EGF-R. This staining pattern was variable throughout the tumor, with focal areas within the tissue section often showing intense staining in contrast to contiguous neoplastic tissue. Immunoreactivity was not observed in normal canine lung except in the lining epithelium of bronchi and submucosal glands within normal parenchyma adjacent to intensely staining neoplasms.
EGF-R expression was not specific for the etiology of the carcinoma, i.e., spontaneous or plutonium induced; however, EGF-R expression was associated with specific tumor phenotypes. EGF-R was expressed by approximately 80% of the squamous cell carcinomas but by only 43% of the adenosquamous carcinomas. Expression ofEGF-R was observed predominantly in the adenomatous portions of the lung tumor and less frequently in the squamous portion. Bronchioloalveolar carcinomas lacked detectable levels of EGF-R, in contrast to the high level (> 55%) of expression in adenocarcinomas (Figs. 1, 2) .
Twenty-nine dogs with lung tumors had lesions of epithelial hyperplasia in adjacent lung lobes that were also examined for EGF-R expression. Sections for examination were selected based on the presence offocal hyperplastic lesions, which were composed of a mixture of fibroplasia and hyperplastic cuboidal epithelial cells. Of the 29 dogs examined, 17 had a lung tumor that was positive for EGF-R expression. Of the 127 proliferative epithelial foci in the lung tissue from these dogs evaluated for EGF-R expression, only 19 (15%) exhibited EGF-R immunoreactivity (Fig. 3) . The 19 positive foci were distributed among six dogs, all of which also had an EGF-R-positive papillary adenocarcinoma.
The results of the immunohistochemical assays are supported by in situ hybridization and Western blot analysis. Ten canine tumors were analyzed for erb-B expression by in situ hybridization. Three tumors showing increased EGF-R expression on immunohistochemical examination exhibited increased signal with the erb-B-specific RNA probe (Fig. 4 ). Three tumors that stained negatively immunohistochem ically did not exhibit an y signal, cell associated or otherwise. Four tum ors that stained positi vely immunohistochemically were difficult to int erpret. Th e signal was increased; however, it did not appear to be cell associated. No rmal canine lung did not show any evide nce of increased levels of erb-B messenger RNA.
Western blot analysis indicated that two major bands, of approxi mately 170 and 150 kd molecular weight, were present in two canine lung tumors and in protein extracted from A431 cells. Th ese protein s corres pon d in size to the well-characterize d human EGF-R protein." Normal dog lung tissue lacked significant imm un0 reactivity.
Discussion
In general, the expressio n ofepiderma l growth facto r recept or (EGF-R) in th e canine lung tumors paralleled that observed for human lung tumors. In human beings, a significant percentage of non -small-cell lung carcinomas consistently overexpr ess EGF-R, and use of this marker has been proposed as an avenue for targeting therapeutic agents to these tumors.'-" Small-cell lung carcinomas, which typically do not exhibit EGF-R expression, are extremely uncommon in animal studies and have not been observed among the different species of animals exposed to inhaled radionuclides. The phenotypes represented in the dog in this study correspond to the broad human classification ofnon-smallcell lung carcinomas, although the lung tumors are more peripheral in dogs than those typically seen in human beings. In this study, a greater percentage of canine epidermoid carcinomas expressed EGF-R than did other tumor phenotypes. In addition, the intensity ofEGF-R immunoreactivity and the percentage oftumor involved were also increased in this phenotype in contrast to other canine lung tumors (Table 1) . These results correspond to those observed in human beings; epidermoid carcinomas exhibit EGF-R expression significantly more frequently than do other phenotypes. 3 ,8,2 5,2 7 The difference in EGF-R expression between bronchioloalveolar carcinomas and adenocarcinomas in the dog was also of interest. Bronchioloalveolar carcinomas are a subclass of adenocarcinomas." Among canine radiation-induced lung tumors, the distinction be-tween these phenotypes is often subtle, and we have often questioned whether this subclassification is justified (N. A. Gillett, P. J. Haley, and F. F. Hahn, personal observation); however, the marked differences in EGF-R expression between these two tumor types observed here suggest that they may, in fact, represent distinct entities, possibly originating from different cell types. Typically, EGF-R expression in human beings is only observed in a selected subset of adenocarcinomas; however, the presence or absence of EGF-R expression has not been correlated with histologic variations of adenocarcinoma.v-v-"
Hyperplastic epithelial foci, observed in the lung following exposure to radionuclides, are presumed to be preneoplastic lesions based on their morphologic similarity to the primary radiation-induced lung carcinomas." We assayed for EGF-R expression in a selected number of these lesions because evidence of EGF-R expression might indicate a progenitorial relationship between these lesions and carcinomas. The results obtained from these assays were inconclusive. Although EGF-R expression was observed in a small percentage ofthese lesions, positive foci were only seen in lungs from those dogs with EGF-R-positive adenocarcinoma. The staining observed may represent a reaction to mediators released by the lung tumor. Similarly, normal lung bronchial epithelium and submucosal glands were often immunoreactive in sections with a positive lung tumor. Similar results have been observed in human tissues." Although hyperplastic epithelial foci may be precursor lesions for many or all lung tumors, increased expression of EGF-R does not appear to be a critical change in their development. Thus, increased EGF-R expression observed here in some tumors may represent a late event in tumor development.
The mechanisms by which increased expression of EGF-R may confer a growth advantage to neoplastic cells are not understood, although elevated expression of normal EGF-R protein has been associated with the transformed state." The primary effector function of EGF-R is its protein tyrosine kinase activity. 10, 19, 24 Several studies have supported the concept that EGF-R overexpression amplifies normal EGF signal transduction.v'? The causal role of EGF-R in neoplasia remains circumstantial.
Our results indicate that EGF-R expression in radiation-induced canine lung tumors is phenotype specific, paralleling the pattern observed in human lung tumors. EGF-R expression was not correlated with tumor etiology, e.g., spontaneous versus radiation induced. Although a small percentage of proliferative epithelial foci in the canine lungs also demonstrated EGF-R reactivity, the significance is unclear because positive foci were only present in those animals that also had an EGF-R-positive papillary adenocarcinoma, The lack of significant EGF-R expression in a significant portion of the hyperplastic epithelial foci indicates that EGF-R expression may be a late event in tumor development. The similarity of these results in canine lung tumors to those obtained in human lung tumors suggests that radiation-induced lung tumors in the dog may be a useful animal model to investigate the role of EGF-R expression in lung carcinogenesis.
